Acoustic data t a k e n i n t h e a n e c h o i c Deutsch-Niederlaendischer Windkanal (DNW) have documented t h e b l a d e -v o r t e x i n t e r a c t i o n (BVI) i m p u l s i v e n o i s e radiated from a 1 / 7 -s c a l e model main r o t o r of t h e AH-1 series helicopter. Averaged model-scale data were compared w i t h averaged f u l l -s c a l e , i n -f l i g h t a c o u s t i c data under similar nondimensional test c o n d i t i o n s . A t low advance ratios (IJ = 0.164-0.1941, t h e data s c a l e remarkably well i n l e v e l and waveform shape, and also d u p l i c a t e t h e d i r e c t i vi t y p a t t e r n of BVI i m p u l s i v e noise. A t moderate advance r a t i o s (IJ = 0.224-0.2701, t h e s c a l i n g d e t e r i o r a t e s , s u g g e s t i n g t h a t t h e model-scale rotor is not a d e q u a t e l y s i m u l a t i n g t h e f u l l -s c a l e BVI n o i s e ; p r e s e n t l y , no proved e x p l a n a t i o n of t h i s d i screpancy e x i s t s . C a r e f u l l y performed p a r a m e t r i c v a r i a t i o n s over a complete m a t r i x of t e s t i n g c o n d i t i o n s have shown t h a t a l l of t h e f o u r governing nondimensional parameters--tip Mach number a t hover, advance r a t i o , local i n f l o w ratio, and t h r u s t c o e f f i c i e n t --a r e h i g h l y s e n s i t i v e t o BVI n o i s e r a d i a t i o n .
INTRODUCTION Of a l l of t h e known s o u r c e s of helicopter f a r -f i e l d n o i s e r a d i a t i o n , rotor impulsive n o i s e , when i t o c c u r s , t e n d s t o dominate t h e a c o u s t i c spectrum of most helicopters. The loud thumping o r popping so characteristic of t h e two-bladed, s i n g l e -r o t o r h e l i c o p t e r also o c c u r s on h e l i c o p t e r s w i t h more r o t o r blades, b u t a t a h i g h e r r e p e t i t i o n r a t e t h a t sounds more l i k e a machine gun b u r s t . H e l i c o p t e r rotor impulsive n o i s e is k n o m t o o r i g i n a t e from two d i s t i n c t aerodynamic e v e n t s : high t i p Mach numbers on t h e r o t o r ' s advancing s i d e t h a t c a u s
e n e a r -t r a n s o n i c d i s t u rbances t o radiate high-speed impulsive n o i s e , and blade-vortex i n t e r a c t i o n ( B V I ) impulsive n o i s e on t h e advancing and r e t r e a t i n g sides of t h e r o t o r d i s k . A rather e x t e n s i v e review of t h i s c u r r e n t research is given i n r e f e r e n c e 1.
' DFVLR, I n s t i t u t f u r Entwurfsaerodynamik, Abteilung Technische Akustik, Braunschweig , W. Germany.
Research of the p a s t feu years has successfully t i e d t h e d e t a i l s of t h e highspeed i m p u l s i v e noise signature t o t h e aerodynamic f e a t u r e s of t h e transonic flow f i e l d surrounding t h e advancing blade of t h e high-speed helicopter (ref. 1 ) . Recent model-scale a n d f u l l -s c a l e acoustic canparisons have shown t h a t t h i s source of noise can be successft;lly s t u d i e d i n model s c a l e (refs. 1-31. S e n s i t i v i t y s t u d i e s have documented t h e dependence of high-speed impulsive noise on advancing-tip Mach number, and have shown t h a t high-speed impulsive noise is r e l a t i v e l y insensitive t o t h e helicopter r o t o r wake o r t h r u s t e f f e c t s .
The s p e c i f i c origins and s c a l a b i l i t y of B V I noise a r e n o t as w e l l understood. BVI noise is known t o occur under descent conditions, especially during an approach t o a landing, and during t u r n s ; it can even increase t h e noise level of single-or tandem-rotor he1 icopters i n l e v e l f l i g h t (refs.
4-61. Past research and operational ex?erienCE: have t i e d t h e occurrence of B V I t o interactions of t h e r o t o r blade w i t h previously s h e d t i p vortices. T h i s alone makes BVI noise more d i f f i c u l t than highspeed impglsive noise t o quantify, f o r t h e radiated noise is a t least a function of blade-vortcAx gemetry and vortex strength, a s well as of blade a i r f o i l c h a r a c t e r i s t i c s .
From t h e viewpoints of research and t h e engineering development, i t is v e r y innportant t o assess whether t h e full-scale BVI phenomena can be duplicated t o some lieasurable degree i n nodel s e a l e . Once t h i s is demonstrated, model-rotor aerodynaaic and acoustic changes can b e explored w i t h t h e confidence t h a t those changes w i l l yield results similar t o those obtained on t h e f u l l -s c a l e r o t o r . A quantitat i v e scaling comparison of t h i s t y p e was reported i n reference 7 f o r t h e bladevortex interaction problem of a two-bladed r o t o r . Full-scale acoustic data were gathered by using the i n -f l i g h t f a r -f i e l d acoustic measurement t e c h n i q u e pioneerer! by the Aeromechanics Laboratory ( r e f . 8 ) . A q u i e t , f ixed-wing a i r c r a f t (YO-3A), instrumented w i t h microphones, was flown i n fornation w i t h t h e subject helicopter t o gather acoustic data over a matrix of t e s t conditions known t o produce BVI noise ( r e f s . 5 and 9 ; . A l/'l-scale model of the main rotor was r u n under s i m i l a r nondiaensional condition: i n one of t h e world's larger anechoic w i n d tunnels France) and acoustic data were gathered f o r sane of t h e same nondimensional f l i g h t conditions. For t h e low advance r a t i o reported, t h e comparison between model-scale and full-scale data was quite good, showing tP.at in general i t is possible t o d u p l icate the full-scale B V I events i n a model-scale t e s t .
However , measurements and t e s t i n g problems w i t h both the full-scale and modelscale t e s t s limited t h e data presented and prevented an in-depth comparison over a f u l l range of t e s t i n g conditions. The f u l l -s c a l e acoustic data could not be averaged by conventional procedures, because s l o w l y varying station-keepicg distances continuously time-shifted the acoustic data w i t h respect t o t h e one-per-rev t r i g g e r .
The full-scale data that were presented were estimated t o be "typical" i n level and b:aveform f o r a chosen nondimensional condition. Unfortunately, t a i l -r o t o r periodic noise was a l s o present f o r many of the t e s t conditions and tended t o confuse and d i s t o r t sane of the c h a r a c t e r i s t i c pulse shapes and amplitudes. The model-scale data were a l s o affected by several measurement and t e s t i n g uncertainties. The open test s e c t i o n of t h e CEPRA-19 wind t u n n e l w a s aerodynamically unsteady (2%-31 t u r b ul e n c e l e v e l ) , which caused t h e t i p -p a t h -p l a n e of t h e rotor t o wander s l i g h t l y d u r i n g a test c o n d i t i o n . The acoustic data from CEPRA-19 were i n f l u e n c e d by t h e 3-m, hardwalled open-jet nozzle and t h u s t h e measurements were no*. made t o t a l l y i n a nonrev e r b e r a n t f i e l d . However, t h e model-scale data were averaged t o a s c e r t a i n t h e g e n e r a l character of t h e radiated a c o u s t i c f l r l d i n t h i s n o n i d e a l environment. Because of these u n c e r t a i n t i e s , o n l y t h e low-advance-ratio case (p = 0.164) w a s r e p o r t e d i n r e f e r e n c e 7.
I n t h e p r e s e n t work, many of these measurement and t e s t i n g problems have been P. new method of a v e r a g i n g t h e i n -f l i g h t BVI acoustic avoided or s o l v e d , a l l o w i n g comparisons of model-and f u l l -s c a l e data o v e r a f u l l r a n g e of t e s t i n g c o n d i t i o n s . data has been developed t h a t removes t h e tail-rotor p e r i o d i c n o i s e from t h e f u l lscale time-histories, independent of f i x e d s t a t i o n -k e e p i n g d i s t a n c e s . The same 1 /?-scale AH-1 model rotor was r u n i n t h e German-Dutch wind t u n n e l (DNW), t h e freeworld's l a r g e s t open-jet a n e c h o i c wind t u n n e l , t o gather rotor-blade p r e s s u r e s and far-field radiatsd n o i s e . The h i g h -q u a l i t y aeroaynamic a n d a c o u s t i c environment of t h e DNW y i e l d e d .iigh-quality, s t e a d y model-rotor a c o u s t i c data t h a t are n e c e s s a r y t o address a d e q u a t e l y the q u a n t i t a t i v e comparisons between t h e model-and f u l l -s c a l e a c o u s t i c data over the f u l l r a n g e of nondimensional t e s t i n g c o n d i t i o n s under which BVI n o i s e is known t o occur. I n a d d i t i o n , t h e d i r e c t i v i t y of t h e r a d i a t i n g n o i s e f i e l d is documented a l o n g w i t h t h e more important t r e n d s of n o i s e l e v e l s and temporal shapes w i t h parametric v a r i a t i o n s . e f f o r t s are part of a c o n t i n u i n g memorandum of u n d e r s t a n d i n g for c o o p e r a t i v e research between t h e German and American governments.) (The t e s t i n g and subsequent d a t a -r e d u c t i o n The a u t h o r s thank t h e i r many f r i e n d s a t t h e U.S. Army Aeromechanics Laboratory, DFVLR, and t h e DNW for t h e i r e x t r a o r d i n a r y e f f o r t s on t h i s project. I n particular, we would l i k e t o thank Ozzie Swenson for h i s a s s i s t a n c e w i t h t h e e l e c t r o n i c s i n developing t h e i n -f l i g h t a v e r a g i n g procedure. W e also would l i k e t o acknowledge t h e help of John D a v i s i n p r o v i d i n g t h e C-81 trim c a l c u l a t i c n s shown i n t h e paper.
FULL-SCALE ACOUSTIC DATA
The f u l l -s c a l e data used i n t h i s comparison of model-scale and f u l l -s c a l e f a rf i e l d a c o u s t i c s were g a t h e r e d u s i n g t h e i n -f l i g h t t e c h n i q u e developed by t h e Aeromechanics Laboratory (refs. 5, 9 , and 1 0 ) . A q u i e t , fixed-wing a i r c r a f t (YO-3A1, instrumented w i t h an a r r a y of microphones, was flown i n f o r m a t i o n w i t h t h e s u b j e c t h e l i c o p t e r (AH-1) and s t a t i o n a r y a c o u s t i c data were o b t a i n e d over a f u l l range of f l i g h t c o n d i t i o n s ( f i g . 1 ) . For BVI n o i s e , selected c o n d i t i o n s of forward v e l o c i t y and rate of d e s c e n t were flown w i t h t h e microphone p o s i t i o n e d d i r e c t l y ahead of t h e h e l i c o p t e r b u t approximately 30° below t h e r o t o r ' s t i p -p a t h p l a n e . The major advantages of t h i s technique are t h e l o n g data r e c o r d s , t h e absence of ground reflect i o n s , and t h e a b i l i t y t o f l y c o n d i t i o n s t h a t are conducive t o producing BVI phenomena. h e l i c o p t e r s , the f u l l -s c a l e data p r e s e n t e d i n t h i s paper were t a k e n on a n AH-IS Although t h e procedure has been used t o e v a l u a t e t h e n o i s e r a d i a t i o n of many F i g u r e 1 .-F u l l -s c a l e blade-vortex i n t e r a c t i o n a c o u s t i c measurement t e c h n i q u e . h e l i c o p t e r i n 1978 and 1979 d u r i n g two s e p a r a t e test programs and reported, i n unaveraged form. i n r e f e r e n c e s 5 and 9. t h e BVI phenomena of i n t e r e s t .
The data are repeatable and c l e a r l y d e f i n e
MODEL-SCALE EXPERIMENTAL DESIGN
The model-rotor t e s t s were performed i n the DNU, an atmospheric wind t u n n e l of t h e c l o s e d -r e t u r n t y p e . I t has three i n t e r c h a n g e a b l e , closed, t e s t -s e c t i o n c o n f i gu r a t i c n s and one o p e n -j e t c o n f i g u r a t i o n w i t h a 6-by 8-m (19.7-by 26.2-ft) nozzle.
I n its open-jet c o n f i g u r a t i o n , t h e t u n n e l w a s designed for a c o u s t i c measurements w i t h low back round n o i s e i n an a c o u s t i c a l l y treated t e s t i n g -h a l l volume of more frequency is 80 Hz) makes t h e DNGJ t h e free w o r l d ' s largest a e r o a c o u s t i c wind t u n n e l . The t u n n e l a i s o has e x c e l l e n t f i u i d dynamic q u a l i t i e s , w i t h low unsteady d i s t u rbances o v e r t h e t o t a l t e s t i n g v e l o c i t y range. T h e DNW characteristics most import a n t fcr rotor a e r o a c o u s t i c t e s t i n g are given i n appendix A of r e f e r e n c e 2; a d d it i o n a l i n f o r m a t i o n is provided i n r e f e r e n c e 11. The o p e n -j e t c o n f i g u r a t i o n w i t h t h e 6-by 8-m c o n t r a c t i o n was used f o r t h e rotor tests r e p o r t e d here. The maximum wind v e l o c i t y i n t h i s c o n f i g u r a t i o n is 85 d s e c (165 k n o t s ) , which c o v e r s t h e f u l l speed range of modern helicopters. t h a n 30,000 m $ ( 1 .O6x1O6 f t 3 ) . The r e s u l t i n g good a n e c h o i c p r o p e r t i e s (cutoff The model-rgtor and microphone i n s t a l l a t i o n i n the open t e s t -s e c t i o n of t h e DNW are shown i n f i g u r e 2. The Aeromechanics L a b o r a t o r y ' s r o t o r test s t a n d was mounted on a s p e c i a l l y fabricated tower t h a t placed t h e r o t o r on t h e t u n n e l c e n t e r l i n e , 10 m (33 f t ) above t h e testing-hall floor. T h -in-flow microphones were s u p p o r t e d by s t r e a m l i n e d struts which were a l s o a t t a c h e d t o t h e tower s t r u c t u r e . As shown i n f i g u r e 2 , t h e r o t o r test s t a n d was shrouded w i t h an aerodynamic f a i r i n g and wrapped w i t h 25 mm of a c o u s t i c , open-celled foam t o reduce sound r e f l e c t i o n s . An opencelled t e x t i l e material ( h o s p i t a l bandage) was t h e n wrapped around t h e foam t o permanently s e c u r e i t t o t h e f a i r i n g . The same technique was u s e d on t h e three main-microphone s u p p o r t s t r u t s located w i t h i n t h e free j e t . of t e s t i n g , i t was thought t h a t i t would be unnecessary t o t r e a t t h e microphone s u p p o r t s w i t h foam; however, o n -l i n e acoustic c a l i b r a t i o n s of t h e test c o n f i g u r a t i o n I n t h e i n i t i a l s t a g e s Figure 3.-:4icrophone locations i n t h e DNW.
top portion of the r o t o r stand, was used t o monitw and record r o t o r t h r u s t , drag, and pitching moments f o r each test condition. selected blade-pressure data were monitored on-line and, a f t e r proper signal cond i t i o i i i n g , simultaneously recorded on three multichannel FM magnetic tape recorders; t h e recorders provided a t o t a l of 60 channels, which wer-s e t f o r a recording speed of 76.2 cm/sec (30 in./sec) and a frequency response of 20 kHz. IRIG-B time-code and rotor azimuth signals were recorded on each tape f o r synchronization purposes. During t h e 1-min data recording, two HP 5420A FFT analyzers were used t o generate on-line instantaneous and averaged time-histories of selected microphones and press u r e transducers. Wind-tunnel velocity, temperature, and dew point, as well a s rotor speed, swashplate control i n p u t s , and balance information, were processed on-line t o yield nondimensional t e s t conditions, u s i n g a portable HP 85 computer d i r e c t l y connected t o the rotor balance. and t h e p r e t e s t calibrations performed a r e described i n reference 2.
A l l the microphone s i g n a l s a n d
More detailed information about t h e setup
The model r o t o r blades used f o r t h e wind-tunnel t e s t i n g d i d not exactly match t h e AH-1S 540 rotor system that was t e s t e d i n f u l l s c a l e ( r e f s . 5 and 9!. Instead, t h e model rotor blades were designed t o duplicate the AH1-OLS f u l l -s c a l e , pressureinstrumented blades, which a l s o have recently been used f o r f u l l -s c a l e aerodynamics and noise t e s t i n g by NASA. The t h i c k n e s s and chord si the f u l l -s c a l e 540 r o t o r blade were increased s l i p ' l y (4% a n d 5%, respectively) t o accommodate surfacepressure transducers, t h u s defining t h e OLS a i r f o i l shapc, The 1,916-m-diam (6.3-ft-diam) model rotor OLS blades a r e schematicaliy 5hown i n f i g u r e 4. t h e differences i n thickness and chord between t h e f u l i -s c a l e 540 rotor and the model-scale OLS blades a r e small, no correction t o e i t h e r data set has been made i n t h e following comparisons.
Because

ACOUSTIC SCALING PARAMETERS
When the fundamental equations of mass and momentum a r e written i n an acoustic analogy form and nondimensionalized, four governing nondimensional t e s t i n g parame t e r s (MH, the hover t i p Mach number; u, t h e advance r a t i o ; CT, t h e t h r u s t coeffit h e tip-path-plane angle) emerge along w i t h geometric and time c i e n t ; and a scaling. P complete discussion of the nondimensionalization process is given in reference 1 , and its application t o t h e high-speed impulsive and BVI noise problems is given i n references 2 and 7, respe.ctively. Only t h e r e s u l t s of t h i s procedure and its implications w i l l be discussed i n t h i s paper.
TPP '
The f i r s t and most obvious condition f o r comparing model-scale and f u l l -s c a l e acoustic data is geometric s i m i l a r i t y . Thus, a l l model dimensicns and geometric distances between t h e model r o t o r and microphone locations are 1 / Y times t h e f u l ls c a l e values: f u l l -s c a l e length model-scale length y = --(For the data presented i n t h i s paper, Y = 7.) model-scale and f u l l -s c a l e hover t i p Mach numbers (MH) be i d e n t i c a l . sional parameter is the r a t i o of the r o t o r -t i p speed a t hover t o the convection speed of t h e radiating acoustic waves, and it is known t o b e t h e dominant parameter of most rotor acoustic problems ( r e f . 1). Therefore, t h e geanetrical reduction t o ' model-scale factor Y must be o f f s e t by an increase of rotor-shaft r o t a t i o n a l speed. However, speed-of-sound differences between model (a ) and f u l l -s c a l e ( a o ) conditions m u s t be accounted f o r .
model's rotor shaft (subscript m f o r model) is r e l a t e d t o t h e f u l l -s c a l e s h a f t r o t a t i o n a l speed by
A second condition is t h a t the T h i s nondimen- If a l l of the governing nondimensional parameters a r e matched, equation (C2) i n reference 2 s t a t e s that the acoustic pressure coefficient C' (x',t) of the f u l l -s c a l e P rotor i s the same as C' (im,Cm) , that is, Pm I f , a s i s normally the case, dimensional pressure time-histories from two separate tests a r e t o be compared, and i n which a l l the governing nondimensional parameters have been matched, d fferences in poao, which i s proportional t o t h e ambient pressure Po. For conuznience and in concert w i t h past wind-tunnel acoustic p r a c t i c e s , a l l a m u s t i c data presented in t h i s report w i l l be r e f e r r e d t o ISA s t a n d a r d day, sea-level pressure (indicated by an a s t e r i s k ) . t e s t i n g become in terms of ambient pressure r a t i o t. i s necessary t o a d j u s t t h e pressure levels t o account f o r a Thus, model-scale pressures measured during wind-tunnel
Because the DNW is located near s e a level and because normal operating conditions were glways close t o the ISA standard day, only small pressure r a t i o corrections P /Po were necessary f o r t h e model acoustic data presented in t h i s paper. Similar correction procedures a r e necessary f o r f l i g h t -t e s t data. Again, a l l a m u s t i c data are referred t o I S A standard day, sea-level p r e s s u r e by Om Since acoustic data were gathered a t v a r y i n g p e s s u r e a l t i t u d e s , corrections were not i n s i g n i f i c a n t f o r f l i g h t -t e s t data (Po/Po of the order 0.7 t o 0.8).
Besides scaling blade geometry and geometric distances between the : 9tor and the measurement microphones, hover t i p Mach number ( M H ) , and time-scaling of tke acoustic waveforms, there a r e a t least three additional nondimensional parameters t h a t should be duplicated i f model-scale acoustic data a r e t o match f u l l -s c a l e data. One of the most important is the advance r a t i o p, defined t o be the r a t i o of the h e l i c o p t e r ' s forward speed of t r a n s l a t i o n d i v i d e d by t h e t i p speed of the main-rotor a t hover. To f i r s t o r d e r , it controls t h e large-scale geometrical patterns of the BVI phenomena. If i t i s assumed that induced-wake d i s t o r t i o n s a r e small, t h e in-plane projection of the locus of points traced out by each t i p of the rotating blades becomes a simple epicycloical tip-vortex p a t t e r n ( r e f s . 1 and 6). When viewed from above, t h e r o t o r appears t o s l i c e through the epicycloid patterns of previously shed t i p vortices. The r e s u l t i n g l o c i of interactions determine the number and s t r e n g t h of the blade-vortex encounters and, t h u s , strongly influences the radiated noise. completely specify t h e r o t o r ' s advancing-tip Mach number MAT, t h a t is, Together, t h e advance r a t i o and t h e hover t i p Mach number a n d t h e Mach number of the moving acoustic s o i r c e s i n t h e radiation direction, Mr. I n effect, a l l Mach numbers associated w i t h t h e large-scale geometry of BVI a r e governed by t h e two nondimensional parameters, ~1 and MH. coefficient CT and nondimensional inflow A--is necessary t o duplicate t h e aerodynamic and a c o u s t i c pressure c o e f f i c i e n t s of t h e mcjdel-scale and full-scale experiments.
Judicious matching of t h e t h i r d and fourth nondimensional parameters--thrust
For a geometrically scaled r o t o r , t h e t h r u s t c o e f f i c i e n t governs the l o c a l angle of attack of t h e r o t o r blade and t h u s t h e steady-pressure f i e l d . I n addition, i t a f f e c t s t h e average strength of the s h e d tip-vortex, t h u s d i r e c t l y influencing the unsteady-pressure f i e l d as well. The nondimensional inflow a l s o a f f e c t s the magnitude of the unsteady pressures by governing t h e v e r t i c a l separation between the vortex and t h e r o t o r blade a t t h e time of an encounter. I n a rigorous sense, t h i s parameter should s c a l e over t h e portion of the r o t o r d i s k where BVIs occur. However, i t is often assumed t h a t by s c a l i n g geometric properties and CT, an average value i n space and time of the induced angle a t t h e rotor d i s k governs t h e interaction probl2m ( a -C T / u ) . Therefore, i f CT and p a r e d u p l ii cated i n t h e model-t o full-scale t e s t , the nondimensional i n f l o w is controlled by and replaces t h e nondimensional inflow as the r o t o r ' s tip-path-plane angle, a t h e fourth nondimensional test variable,
TPP, I n normal, unaccelerated level f l i g h t , t h e helicopter p i l o t must t i l t t h e r o t o r tlp-path-plane (aTPP 5 t h e angle between the plane of t h e r o t o r t i p s and the incomi n g velocity vector; positive f o r rearward t i l t ) t o balance t h e drag of the vehicle a t each velocity. The r e s u l t is an increasingly negative tip-path-plane angle w i t h inqreasing forward velocity. I n a climb, t h e rotor m u s t be t i l t e d f a r t h e r forward (-uTPP) both t o balance drag and t o oppose gravity, wherezs i n a descent the r o t o r must be t i l t e d rearward ( + a ) . The strongest B V I s a r e known t o occur ,;I t h e descent condition, when the tip-path-plane angle is positive, forcing sections of the shed tip-vortices close t o o r i n t o t h e r o t o r ' s tip-path-plane ( r e f s . 5 and 6 ) .
Similar tip-path-plane angles m u s t be f l o w n i n the wind tunnel t o generate s i m i l a r model-scale operating cor;di tions. TPP Tip-path-plane angle (aTPP) is not usually used a s a piloting indicator when f l y i n g helicopters. Rate of climb ( R / C ) , &s well as forward velocity and engine torque, is t h e variable normally used by p i l o t s t o judge the s t a t e of the helicopt e r ' s performance. However, tip-path-plane angle can be r e l a t e d t o r a t e of climb i n steady-state f l i g h t thlough a s i m p l e balance of longitudinal forces. For small angles, it can be shown t h a t Hadever, t h e accuracy w i t h which these c o n d i t i o n s can be m a i n t a i n e d d u r i n g t h e testir., is q u i t e d i f f e r e n t for t h e model and f u l l scale. e n -J i r o m e n t of t h e DNW, i t is q u i t e e a s y t o establish s t e a d y -s t a t e t e s t i n g condit i o n s for the rotor. f l a p p i n g a n g l e s w i t h r e s p e c t t o t h e v e r t i c a l shaft. Lateral t i p -p a t h -p l a n e tilts were set to zero d u r i n g a l l model-scale t e s t i n g . A l l is n o t t h a t e a s y in f u l l -s c a l e t e s t i n g . Small 
t e n d i n g t o make t h e f u l l -s c a l e conditior,s flowrl d u r i n g t h e t e s t i n g somewht v a r i a b l e from r u n t o run. The n e t r e s u l t is t h a t t h e e q u i v a l e n c e shoun i n f i g u r e 6 s h o u l d be viewed s k e p t i c a l l y , keeping i n mind t h a t any f u l l -s c a l e c o n d i t i o n s flQwn were mean values. d u p l i c s t e d i n model-scale, a r a n g e of chosen t i p -p a t h -p l a n e a n g l e s w a s f l o w i n sweeps of 0.5O increments at chosen advance ratios.
I n t h e low t u r b u l e n c e Tip-path-plane a n g l e s are e q u i v a l e n t t o t h e l o n g i t u d i n a l To e n s u r e t h a t t h e f u l l -s c a l e BVI phenomena were
The matrix of t e s t c o n d i t i o n s f o r which i t was p o s s i b l e t o gather both i n -f l i g h t and model-scale a c o u s t i c data is shown i n f i g u r e 6 by t h e shaded area.
For these combinations of advance r a t i o and t i p -p a t h -p l a n e a n g l e , t h e t h r c s t coefi"ic i e n t and hcver t i p Mach number were f i x e d a t t h e nominal f u l l -s c a l e v a l u e s : CT = 0.OG54 anC MH = 0.664, r e s p e c t i v e l y . The d a t a p r e s e n t e d i n t h i s paper emphas i z e blade-vortex i n t e r a c t i o n i m p u l s i v e n o i s e and t h u s encompass many test p o i n t s i n t h e left of t h e shaded r e g i o n ( i . e . , low t o medium advance r a t i o s ) . :.towever. a s i g n i f i c a n t amount of model t e s t i n g time was s p e n t e x p l o r i n g t h e effect of nondimens i o n a l p a r a m e t r i c changes on BVI i 9 p u l s i v e n o i s e as well. The r a n g e s of t h e f o u r govet-ning nondimensional parameters c o n s i d e r e d were as f oilows: Most of t h e d a t a were taken i n descending f l i g h t a t lower advance ratios where BVI n o i s e is knawn t o b e of primary concern.
MODEL-SCALE AND FULL-SCALE COMPARISONS
I n previous i n -f l i g h t measurement i n v e s t i g a t i o n s of f u l l -s c a l e rotor BVI impulsive n o i s e (refs. E;, 7, and 91, i t was impossible t o u s e s i g n a l a v e r a g i n g t o improve t h e s i g n a l -t o -n o i s e r a t i o of t h e periodic n o i s e phenomena. During a t y p i c a l data run, t h e nominal s e p a r a t i o n d i s t a n c e between t h e s u b j e c t h e l i c o p t e r and t h e n o i s emeasurement p l a t f o r m (YO-3A aircraft) c o n t i n u o u s l y changes. Even though these changes are q u i t e small (estimated t o b e t3 f t ) , t h e y correspond t o changes i n time of about 23 msec. I n effect, t h e l / r e v t r i g g e r which could be used t o a v e r a g e t h e data has a k3-msec random d e l a y . Because most of t h e BVI impulses are of t h e order of 1 msec wide, a p r o c e s s o r that u s e s t h e rotor l / r e v s i g n a l t o a v e r a g e t h e i n -f l i g h t data is n o t e f f e c t i v e . These problems were overcome for high-speed i m p u l s i v e n o i s e by u s i n g t h e impulses themselves t o c o n s t r u c t a t r i g g e r s i g n a l (refs. 2, 3, and 8). I n g e n e r a l , developing a good t r i g g e r i n g s i g n a l is q u i t e straightforward, i f t h e e v e n t of interest is h i g h i n level and i f i t is periodic--two of t h e known q u a l i t i e s of high-speed impulsive n o i s e . T h i s same procedure was used t o a v e r a g e t h e BVI noise p r e s e n t e d i n t h i s paper.
S i g n a l c o n d i t i o n i n g methods xere needed t o p r e p r o c e s s t h e lower l e v e l s of t h e n e g a t i v e p r e s s u r e s p i k e a s s o c i a t e d w i t h high-speed impulsive n o i s e . A t r i gger s i g n a l was c o n s t r u c t e d and used t o a v e r a g e t h e f u l l -s c a l e a c o u s t i c d a t a t o improve t h e s i g n a l -t o -n o i s e l e v e l and t o d e f i n e more completely t h e character of t h e
f :Ill-scale BVI wavef orm.
The r e s u l t s of t h i s new a v e r a g i n g p r o c e d u r e are i l l u s t r a t e d i n figure ? ( a ) f o r a t y p i c a l set of c o n d i t i o n s known t o produce B V I i m p u l s i v e noise. Two unaveraged
Aignals are shown f o r one complete rotor r e v o l u t i o n . The uppermost one r e p r e s e n t s t h e most i n t e n s e BV; p u l s e and t h e middle o n e r e p r e s e n t s t h e weakest BVI p u l s e t h a t was measured d u r i n g a f u l l -s c a l e run. I n a l l cases, BVI p u l s e s occur s l i g h t l y before t h e w i d e , n e g a t i v e , high-speed impulsive-noise pulse. The g e n e r a l u n s t e a d in e s s of the f u l l -s c a l e BVI n o i s e data is c l e a r l y demonstrated. F i f t y p e r c e n t f l u ct u a t i o n s of peak impulsive-noise a m p l i t u d e can o c c u r d u r i n g t h e r u n , s u g g e s t i n g t h a t very steady f l i g h t a t any f u l l -s c a l e c o n d i t i o n d i d n o t r e a l l y e x i s t . I n b o t h t h e unaveraged f u l l -s c a l e d a t a , t a i l -r o t o r p e r i o d i c n o i s e is also p r e s e n t , t e n d i n g t o confuse t h e i n t e r p r e t a t i o n of waveform d e t a i l s . Averaging t h e data (bott.om graph i n f i g . 7 ( a ) ) u s i n g t h i s new a v e r a g i n g p r o c e d a r e improves t h e i n t e r p r e t a t i o n tremendously. Not o n l y has t h e p e r i o d i c t a i l -r o t o r n o i s e been reduced i n l e v e l u n t i l i t is n o t o b s e r v a b l e , b u t t h e lower-level character of t h e BVI a c o u s t i c f u l l -s c a l e p u l s e is v i s i b l e for t h e f i r s t time. Because t h e d a t a were averaged by t r i g g e r i n g o n t h e f i r s t high-speed n e g a t i v e impulse, t h e f i r s t h a l f of t h e a v e r a g e y i e l d s b e t t e r s i g n a l -t o -n o i s e l e v e l s t h a n t h e second h a l f . I n t h e d a t a t h a t follow, o n l y t h e f i r s t h a i f impulse of t h e f u l l -s c a l e d a t a is compared w i t h t h e model scale. The q u e s t i o n s sf blade-tu-blade p u l s e amplitude and s h a p e v a r i a b i l i t y remain f o r a d d it i o n a l work.
I n s t e n t a n e o u s and averaged model-scale d a t a f o r approximately t h e same set of nondimensionalized c o n d i t i o n s a r e shown i n f i g u r e 7 ( b ) .
ences among t h e maximum, minimum, or a v e r a g e p u l s e time-histories were o b s e r v e d , o n l y o n e i n s t a n t a n e o u s p u l s e is p l o t t e d . T h e e x t r e m e l y s t e a d y environment of t h e LNW shows t h a t t h e average pulse l e v e l and waveform are q u i t e r e p r e s e n t a t i v e of any s i n g l e record.
Because no dramatic d i f f e r -
The comparison of t h e model-sczle and f u l l -s c a l e averaged data f o r t h i s o n e f l i g h t c o n d i t i o n ( t h e lower g r a p h s i n f i g s . ? ( a ) and 7 ( b ) ) is q u i t e remarkable. Even t h e srrialler details of t h e a c o u s t i c waveforms a g r e e f a i r l y well i n c h a r a c t e r and l e v e l . I n p a r t i c u l a r , t h e smaller impulses t h a t a p p e a r superimposed upon t h e n e g a t i v e s p i k e of t h e high-speed i m p u l s i v e n o i s e are d u p l i c a t e d . These were also s e e n i n t h e model-scale d a t a (ref. 7) t a k e n i n t h e CEPRA-19, b u t i n t h a t i n s t a n c e t h e y were thought t o be due t o impulse r e f l e c t i o n s from t h e t u n n e l nozzle. T h e i r a p p e a r a n c e i n both t h e model-scale DNln' data and t h e f u l l -s c a l e data shown here s u g g e s t s t h a t a n o t h e r impulsive n o i s e soume is b e i n g measured--perhaps BVI on t h e r e t r e a t i n g s i d e o f t h e rotor d i s k .
The comparison of model-scale and f u l l -s c a l e averaged a c o u s t i c data is shown i n f i g u r e s 8 (a! and 8 ( b ) f o r a r a n g e of l o n g i t u d i n a l and lateral d i r e c t i v i t i e s f o r a low-speed descent c o n d i t i o n known t o produce BVI. The g e n e r a l comparisons of dist i n c t a c o u s t i c e v e n t s f o r one h a l f a :otor r e v o l u t i o n are q u i t e good f o r a l l of t h e microphone l o c a t i o n s shown. Some small d i s c r e p a n c i e s i n averaged a m p l i t u d e s of s p e c i f i c 9VI e v e n t s are o b s e r v e d a t c e r t a i n microphone l o c a t i o n s . Thcse are b e l i e v e d t o r e s u l t from a i r c r a f t c o n t r o l d i f f i c u i t i e s encountered i n full-scale f l i g h t tests and from t h e g e n e r a l l y l i m i t e d a c c u r a c y of full-scale t e s t i n g . Some of t h e measurement d i f f e r e n c e s between f u l l scale and node1 scale are noted on t h e f i g u r e a t each s c a l e d microphone l o c a t i o n . speed impulsive n o i s e is most i n t e n s e , t h e high-speed i m p u l s i v e n o i s e p o r t i o n of the waveform (large n e g a t i v e p u l s e ) is s l i g h t l y l a r g e r i n model scale t h a n i n f u l l scale. This is d u e , i n p a r t , t o t h e s m a l l i n c r e a s e s ir! scaled t h i c k n e s s of t h e OLS model b l a d e s e c t i o n when compared t o t h e s t a n d a r d f u l l -s c a l e 540 section (ref.
2). Because t h e main i n t e r e s t here is i n BVI n o i s e , no c o r r e c t i o n for t h i s effect has been made i n t h e d a t a shown. As r e p c r t e d by many researchers f o r t h i s f l i g h t condit i o n , BVI n o i s e is s e e n t o be most i n t e n s e aSout 30" t o 45O below t h e t i p -p a t h p l a n e and d i r e c t l y a h e a d of t h e h e l i c o p t e r ( r e f s . 5 and 8 ) .
I n t h e p l a n e o f t h e rotor, where high-
The g e n e r a l u n s t e a d i n e s s of t h e f u l l -s c a l e BVI a c o u s t i c data sugges' i t h a t s t e a d y -s t a t e trimmed f l i g h t i n f o r m a t i o n w i t h t h e YO-3A a i r c r a f t was d i r cuit t o achieve. T h e small c o n t r o l i n p u t s needed t o rriaintain s t a t i o n -k e e p i n g had t h e effect, t o some d e g r e e , of changing t h e s t a t e of t h e h e l i c o p t e r d u r i n g any p a r t i c ul a r d a t a run. To account f o r these p o s s i b l e i n a c c c r a c i e s , t h e model-scale t e s t i n g was performed over a r a n g e of nondimensional test v a r i a b l e s . I n p a r t i c u l a r , t h e model-scale t i p -p a t h -p l a n e a n g l e was v a r i e d i n incremcnts of 0.5O t o ensure t h a t a full-scale e v e n t would be c a p t u r e d i n t h e model-scale test. These were compared w i t h t h e full-scale d a t a t a k e n over a r a n g e of rates of c l i m b . T h i s comparison is shown i n f i g u r e s 9-12 f o r f o u r advance ratios known t o produce EiVI (11 = 0.164, 0.194, 0.224, and 0.270).
I n t h e top h a l v e s of f i g u r e s 9-12, t h e model-scale and f u l l -s c a l e averaged J o u s t i c d a t a f o r one half of a r o t o r r e v o l u t i o n are compared. The s i m p l e f o r c ebalance d r a g model e q u i v a l e n c e between rotor t i p -p a t h -p l a n e a n g l e s and rates of descent is i n d i c a t e d t o t h e r i g h t of t h e f u l l -s c a l e rates of d e s c e n t axis. I n t h e lower h a l f of each f i g u r e , t h e l a r g e s t v a l u e s of BVI are p l o t t e d o n a magnified s c a l e s o t h a c key d i f f e r e n c e s between t h e model-scale and f u l l -s c a l e results can be emphasized. The model-scale results p r e s e n t e d are for t h e 45O-down microphone p o s i t i o n . As d i s c u s s e d i n r e f e r e n c e 2, i t was f e l t t h a t most of t h e f u l l -s c a l e 30° l o n g i t u d i n a l p o s i t i o n s flown were a c t u a l l y closer t o 45O below t h e rotor's t i p -p a t h plane. l e v e l s t e n d t o be i n c r e a s e d s l i g h t l y , and t h e high-speed i m p u l s i v e n o i s e l e v e l s decrease s l i g h t l y from t h e 30° microphone p o s i t i o n . However, a l l t r e n d The averaged model-scale p u l s e s are remarkably similar and c o n s i s t a n t over t h e e n t i r e r a n g e of t i p -p a t h -p l a n e angles considered. A t n e g a t i v e t i p -p a t h -p l a n e a n g l e s , c o r r e s p o n d i n g t o c l i m b i n g f l i g h t , two s m a l l BVI impulses are s e e n . A s t h e t i p -p a t h -p l s n e a n g l e is made more p o s i t i v e (simulating l e v e l and descending f l i g h t ) , t h e first Jf these two impulses grows i n magnitude, r e a c h i n g a maximum a t A t aore p o s i t i v e t i p -p a t h -p l a n e a n g l e s , t h e magnitude of t h i s large aTPP p u l s e g r a d u a l l y decreases, and t h e EN1 waveform g r a d u a l l y changes t o three p o s i t i v e impulses. i n c r e a s i n g aTPP, i t is smaller i n amplitude. The averaged full-scale data e x h i b i t almost t h e same t r e n d s w i t h rate of d e s c e n t . BVI o c c u r s a t a rate of d e s c e n t of 400 f t / m i n , which corresponds t o a n estimated t i p -p a t h -p l a n e a n g l e of 2 O (instead of Oo from the model-scale tests).
= Oo.
The t h i r d i 9 p u l s e p r e c e d e s t h e other two and, a l t h o u g h growing w i t h
However, t h e maximm averaged v a l u e of
The maximum amplitude BVI model-scale and f u l l -s c a l e waveforms are p l o t t e d o n a larger scale i n t h e lower h a l f of f i g u r e 9 f o r The amazing s i m i l a r i t y of p u l s e shape and a m p l i t u d e are r a p i d l y a p p a r e n t . Even t h e smaller d e t a i l s of t h e two waveforms match remarkably well. However, on v e r y c l o s e i n s p e c t i o n , t h e p u l s e w i d t h s of t h e f u l l -s c a l e data are, i n g e n e r a l , smaller t h a n those of t h e model-scale data. T h i s s u g g e s t s t h a t t h e a v e r a g e v o r t e x -c o r e sizes of t h e t r a i l i n g v o r t e x s y s t e m of t h e f u l l -s c a l e r o t o r a r e s m a l l e r t h a n t h e c o r r e s p o n d i n g model-scale v o r t e x cores. Although t h e a v e r a g e v a l u e s of model-scale and f u l l -s c a l e BVI match very w e l l , i t s h o u l d be remembered t h a t sudden b u r s t s of large a m p l i t u d e , f u l l -s c a l e BVI occur (see f i g . 7). As shown i n f i g u r e 9, sudden v a r i a t i o n s i n t i p -p a t h -p l a n e a n g l e c a n n o t , by themselves, e x p l a i n t h i s phenomenon i n model scale. The maximum amplit u d e s of t h e model-scale BVI tests never exceeded t h e a v e r a g e v a l u e shown by more t h a n 10%. However, as a l r e a d y noted ( f i g . 7), t h e maximu-1 a m p l i t u d e s of t h e f u l lscale data exceeded t h e a v e r a g e f u l l -s c a l e v a l u e s by as much as 50%. ancy is thought t o be real and is hypothesized t o be reiated t o t h e d i f f e r e n t v o r t e x s t r u c t u r e s of t h e model-scale and f u l l -s c a l e w a k e systems. Good g e n e r a l agreement i n p u l s e s h a p e and peak v a l u e s exists f o r t h e BVI n o i s e . However, t h e p u l s e w i d t h s of t h e f u l l -s c a l e BVI waveforms are a g a i n smaller t h a n t h e model-scale.
The agreement between model-scale and f u l l -s c a l e averaged data b e g i n s t o deteriorate f o r p = 0.224, a s shown i n f i g u r e 11. However, t h e envelope of t h e a v e raged a c o u s t i c data e x h i b i t s a f i n e s t r u c t u r e t h a t is j u s t b a r e l y n o t i c e a b l e i n model scale. This discrepancy is dramatically i l l u s t r a t e d i n f i g u r e 1 2 f o r the v = 0.270 case. Model-scale averaged waveforms exhibit smooth, consistent BVI patterns f o r the e n t i r e range of tip-path-plane anglc:;. I n simulated l e v e l , steady-state f l i g h t = -43), two BVI pulses a r e measu:-ed. As the tip-path-plane angle is (aTPP increased, the amplitudes of these increase s l i g h t l y , and they a r e joined by a t h i r d , small-amplitude pulse. The f u l l -s c a l e averaged waveforms look quite d i f f e rent. They a r e dominated by two rather intense BVI pulses whose pulse w i d t h s a r e about one half t o one t h i r d t h a t of the model-scale data. The amplitude of these f u l l -s c a l e pulses is, in general, l a r g e r than t h a t shown i n the smoother model-scale data. A comparison of these differences is seen q u i t e c l e a r l y in t h e lower half of sweep of tip-path-plane a n g l e o r r a t e of d e s c e n t ; bottom: i n t e n s e i n t e r a c t i o n . u = 0.270.
waveform c a n p a r i s o n s of most f i g u r e 1 2 where t h e maximum a m p l i t u d e BVI model-scale and f u l l -s c a l e p u l s e s a r e compared. The f u l l -s c a l e BVI data c o n t a i n two shar*p BVI p u l s e s j u s t before t h e large n e g a t i v e high-speed impulsive-noise p u l s e . p u l s e , o c c u r r i n g a t t h e same time, whose a v e r a g e a m p l i t u d e is about o n e t h i r d smaller and s l i g h t l y wider t h a n t h e sum of t h e p u l s e w i d t h s of t h e f u l l -s c a l e data.
The model-scale data have a s i n g l e A t f i r s t g l a n c e , t h e model-scale BVI data look as i f t h e y have been unintent i o n a l l y filtered. However, as mentioned i n an earlier p a r t of t h i s p a p e r , t h e frequency response of the recording and analysis equipment w a s maintained a t 20,000 Hz. model-scale events whose pulse w i d t h s a r e about 0.5 msec.
T h i s should be more than adequate f o r f a i t h f u l reproduction of BVI A t the present time, we do not know f o r c e r t a i n why the pulse-shape d e t a i l s of the model-scaie and f u l l -s c a l e data do not agree a t higher advance r a t i o s . Dif'erences i n the wake-vortex s t r u c t u r e r e s u l t i n g from v a s t l y d i f f e r e n t Reynolds ni S u r s o r from f u l l -s c d e p i l o t i n g i n p u t s or both a r e possible mechanisms. I t is hop t h a t a careful reduction of t h e model-scale pressure data and an associated comparison of f u l l -s c a l e pressure data under s i m i l a r conditions w i l l h e l p resolve t h e noted differences.
SOME PARAMETRIC VAHIATIONS
Once it has been demonstrated t h a t the acoustic phenanena of i n t e r e s t a r e scalable, wind-tunnel t e s t i n g can be used t o explore wide ranges of t e s t conditions in a controlled environment. T h i s i s i n contrast t o i n -f l i g h t f u l l -s c a l e t e s t i n g , f o r which safety of f l i g h t considerations and piloting techniques l i m i t the choice of conditions t h a t can be flown. I n t h i s paper, we have shown t h a t model-scale wind-tunnel t e s t i n g does duplicate the f u l l -s c a l e measured acoustic events a t t h e lower advance r a t i o s (u = 0.164). Therefore, the e f f e c t on radiated noise of changes i n t h r u s t and hover t i p Mach number i s presented f o r t h i s case.
The change i n average BVI noise l e v e l w i t h changing t h r u s t l e v e l s i s shown in figure 13 f o r a constant tip-path-plane angle ( a = l o ) . The peak pressure spike of the l a r g e s t B V I r i s e s almost l i n e a r l y w i t h t h r u s t , almost d o u b l i n g f o r a doubling of t h r u s t coefficient. The l a r g e s t negative impulse rises much f a s t e r , suggesting that the interaction phenomenon i s changing character a t higher t h r u s t l e v e l s . TPP Some care must be exercised when interpreting the data i n f i g u r e 13. As t h r u s t is increased, there i s an increase in t h e average i n f l w t o t h e r o t o r which increases the e f f e c t i v e separation distance between the r o t o r tip-path plane and the shed tip-vortex system. path-pldne angle s h o u l d be increased (made more p o s i t i v e ) , t h u s e f f e c t i v e l y reducing t h i s increased i n f l o w resulting from increased t h r u s t .
To maintain the same separation distance, the r o t o r t i p -A method of estimating the change irr BVI impulsive noise w i t h changing t h r u s t levels that attempts t o account f o r t h i s e f f e c t is shown i n f i g u r e 14. First, t h e maximum positive peak pre.ssure level i s found f o r the l a r g e s t BVI pulse f o r a l l possible tip-path-plane angles a t a fixed advance r a t i o and a fixed t i p Mach number a t hcver. This peak pressure value is then plotted as a function of t h r u s t . As explained above, the tip-path-plane angle a t which maximum l e v e l s of BVI occur increases w i t h increasing impulsive noise i s increased s l i g h t l y over t h d t shown i n f i g u r e 1 3 f o r a constant tip-path-plane angle of +I O .
CT, a s indicated in figure 14 , The peak amplit*.ide of R V I The change i n BVI impulsive noise w i t h changes i n hover t i p Mach number, MH, is is equivalent t o a variation i n the advancing-tip Mach shown i n f i g u r e 15 f o r p = 0.164, CT = 0.0054, and aTPP -+ l o . Because p is constant, a variation i n MH number values of the positive and negative pulses occur, demonstrating t h a t hover t i p Mach number is one of t h e most s e n s i t i v e design parameters of BVI i m p u l s i v e noise.
MAT, which has been added a3 a second scale. Large increases i n the peak There a r e a t l e a s t two known f a c t o r s which combine t o make BVI impulsive noise sensitive t o NH. For example, i t can be argued that increasing MH a t constant t h r u s t coefficient increases the r e a l t h r u s t on eacn biade, t h u s increasing the strength of the t i p vortices that a r e shed. However, because the rotor is operating a t higher t i p v e l o c i t i e s , the change i n ar,gle of at.tack (and i n perturbation pressure coefficient , DCp), induced by the stronger tip-vortex system, remains f a i r l y constant. Therefore, the BVI impulsive noise l e v e l s increase as the hover t i p Mach amber increases, because the absolute values of perturbation pressure increase i n d i r e c t propcrtion t o the velocity of the r o t a t i n g blades. i t was a l s o shown i n reference 1 3 t h a t the acoustic l e v e l s of B V I ir, c e r t a i n radiation directions a r e strongly related t o the "trace Mach number" of the interaction. Because the t r a c e Mach number changes w i t h changes i n the hover t i p Mach number, BVI impulsive noise l e v e l s can be increased or decreased, depending on the geomet.ry of the interaction process and t h e f a r -f i e l d location of the measurement microphone. The values of peak B V I impulsive noise l e v e l s shown i n f i g u r e 15 a r e undoubtedly influeticed by both of these f a c t o r s .
CONCLUDING REMARKS
Acoustic data taken i n the world's l a r g e s t anechoic wind tunnel--the DNW i n The Netherlands--have documented the blade-vortex interaction (BVI) impulsive noise
